To solve the contradiction of diffusion and selectivity, we reported a novel finger-citron-residue-based mesoporous carbon (FMC) as a support to prepare a novel adsorbent PTA@FMC (PTA represents phosphotungstic acid) for rubidium ion capture. This new adsorbent was characterized by X-ray diffraction, thermogravimetric analysis, scanning electron microscopy, Fourier transform infrared spectroscopy, and N 2 adsorption, and the results showed that the PTA was immobilized in the FMC structure. Based on the results of batch tests, we demonstrated that PTA@FMC is the most distinctive adsorbent with a superior uptake capacity compared with some of those previously reported in the literatures. The adsorption tests in the presence of interfering ions (Na + , K + and Cs + ) showed that the more the added amount of the different types of interfering ions, the more severe is the degree by which the adsorption of Rb + is weakened. In addition, the Rb + sorption selectivity was moderately influenced by the co-ion effect in the presence of any ions (K + , Na + and Cs + ) due to PTA doping. In a word, due to its relatively facile preparation process and good uptake capacity, PTA@FMC might be a promising adsorption material for Rb + .
Introduction
Rubidium, a typical rare metal, has various applications in the eld of photocells, thermoelectric generators, alkali batteries, biological engineering, and medical industries. [1] [2] [3] In the recent few decades, due to the increasing demand for rubidium from industries, the price of the rubidium metal has been rocketing in comparison to those of other alkali metals. 3 Although, the total content of rubidium ions in brine lakes is relatively high, the concentration of rubidium ions in those lakes is in trace amounts. 4 Consequently, the separation, condensation and purication of rubidium ions are regarded as hot issues pertinent to scientic research elds.
In terms of the methods employed in the capture of rubidium ions, extraction, use of ion exchangers and adsorption are the most frequently used. [5] [6] [7] [8] Among these, adsorption is considered as a potential method because it has the advantages of strong operability, as it can be carried out in ambient temperature and atmosphere by a simple process, and reproducibility. 7 At present, because of their adaptability to the size of rubidium ions and their relatively high specic surface area, the microporous adsorbent materials have wide applications in the eld of rubidium ion adsorption. However, the ability of ordinary microporous materials to adsorb rubidium ions is restricted because of the limitations of the simple adsorption process. The adsorption of rubidium ions onto the adsorbents is controlled by the combination of physical adsorption and chemical adsorption. Physical adsorption has a poor adsorption selectivity for ions with rather limited adsorption capacity, while the chemical adsorption process is selective. Hence, amplifying the adsorption advantages of the chemical adsorption process to enhance the adsorption selectivity and thus increase the adsorption capacity of rubidium ions can be a meaningful research task. To be more specic, an effective way to realize this enhancement is to modify the adsorbent materials by introducing the functional groups that have specic affinity towards rubidium ions onto the original adsorbents. Studies in this attempt have been proved to be successful.
3-21
Heteropoly acids are certain substances that have adsorption affinities with heavy metal ions. 10 The introduction of a heteropoly acid on the adsorbent surface is thought to effectively enhance the chemical adsorption interactions of rubidium ions. One of the most representative MOF materials is HKUST-1 (also named as Cu-BTC), a particular type of MOF containing Cu(II)-paddle wheel-type nodes and 1,3,5-benzenetricarboxylate struts. In our previous study, 3 a modied microporous adsorbent, PMA@HKUST-1, which has distinguishing adsorption properties for rubidium ions, was successfully developed by loading molybdophosphoric acid onto the microporous adsorbent HKUST-1. The effect of PMA@HKUST-1 on the adsorption of rubidium ions was gratifying. The use of PMA@HKUST-1 increased the adsorption amount of rubidium ions onto the adsorbents by approximately 28.5%. 3 Even then the PMA@HKUST-1 was imperfect. The microporous structure of HKUST-1 was seriously damaged aer the introduction of phosphomolybdic acid. In addition, the paradox of the relatively large molecular diameter of PMA and the nite pore size of HKUST-1 rendered the introduction of heteropoly acids a defective practice. The pores of the microporous adsorbents, aer the introduction of the heteropoly acid, were blocked, the pore volume of the adsorbents reduced, and the diffusion efficiency of rubidium ions decreased, negatively disturbing the adsorption process. In the face of this undesirability, we came up with the idea of replacing the microporous material with a mesoporous material to enlarge the pore volume, which would be favorable for loading the heteropoly acid and the diffusion of adsorbates.
Supposedly, the pore size characteristics of the mesoporous materials facilitate the loading of heteropoly acid molecules in their pore structure without blocking the porous pathway, which is conducive to enhance the chemical adsorption capacity of rubidium ions. Theoretically, mesoporous materials with high specic area, uniform porous structures and good thermostability are promising support.
9 Though few studies have been conducted on the application of mesoporous materials as in the adsorption of rubidium ions, the outcomes drawn from those studies are valuable. In H. Aghayan's study, 22 substituted molybdophosphoric acid was loaded onto SBA-15 with various structural morphologies; the as-prepared samples showed a high adsorption ability towards thorium ions and the morphology of SBA-15 was decisively signicant in guaranteeing an auspicious adsorption process. This study substantiated the validity of adopting a mesoporous material as the support, onto which heteropoly acids can be introduced. Phosphotungstic acid (PTA), a member of the group of heteropoly acids, has similarity in chemical properties with those of phosphomolybdic acid (PMA). 23 In effect, in our previous work trials, 12 a nger-citron-residue-based mesoporous carbon (FMC) was synthesized by lling the pores of a siliceous SBA-15 hard template with nger citron residues as the carbon precursors. Herein, we present a study on the rubidium ion capture with a new type of composite material PTA@FMC, including batch equilibrium experiments and adsorption mechanisms.
Materials and methods

Chemicals and reagents
Hydrochloric acid (HCl, $99%), phosphotungstic acid hydrate (H 3 O 40 PW 12 $xH 2 O, $99.5%), and ethanol (C 2 H 6 O, 99.7%) were purchased from Sinopharm Chemical Reagent Co. Ltd. All the chemicals used in this study were of analytical grade and used without further purication.
Preparation of PTA@FMC
The FMC was facilely synthesized by a similar procedure to that in our reported work. 24 The three samples in which different contents of PTA were loaded onto the FMC were prepared as follows: in each container, 1 g of FMC was weighed and equal volumes of PTA of 0.05 M, 0.075 M and 0.1 M were added. The mixtures were kept under agitation and impregnation for 12 h. The subsequent solutions were dried at 100 C and the products in the form of white powder were obtained. The three samples were designated as 50PTA@FMC, 75PTA@FMC, and 100PTA@FMC.
Characterization
Information on the characterization tests can be found in the ESI (Section 1 †), including the results of nitrogen adsorptiondesorption, powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) studies.
Batch equilibrium
2.4.1. Adsorption isotherms. The adsorption isotherms determine the equilibrium adsorption amount of adsorbates onto adsorbents at a certain temperature. Herein, we used rubidium ions as the adsorbate and the PTA@FMC materials as the adsorbent. The experiments were carried out according to the following procedures. In detail, in each Erlenmeyer ask, 0.02 g of the PTA@FMC material was taken and then 50 mL of rubidium chloride solution of different initial concentrations ranging from 10 mg L À1 to 100 mg L À1 was added. Aer that, the mixture was shaken in a thermostatic shaker at 30 C with a rotating speed of 150 rpm for 12 h; the adsorption process takes place in this condition. Aer the adsorption, the solution mixture was kept undisturbed for several minutes till the clear solution in the upper layer was collected. The concentration of the remaining rubidium ions was tested via atomic adsorption spectroscopy (AAS). It was found that aer PTA doping, the Rb + uptake capacity of PTA@FMC signicantly increased in comparison with that of FMC, which could probably be explained by the Lewis acid-base interaction mechanism. Rb + shows a Lewis acid performance, and PTA has a lone pair of electrons, which exhibits a Lewis base feature. Thus, the strong chemical bonding between PTA and Rb + could lead to a specic adsorption and increase in the adsorption capacity. When the doping level of PTA was further increased, the amount of PTA sites consequently increased, which aroused a better adsorption capacity in 75PTA@FMC than in 50PTA@FMC. However, further PTA doping might block the pores and lead to an increase in the diffusion resistance during the mass transfer reactions, which actually can decline the amount of accessible active PTA sites. Thus, the sorbent with higher PTA doping (100PTA@FMC) shows a lower Rb + uptake capacity than that with comparatively lower PTA loading (75PTA@FMC).
Adsorption kinetics.
The adsorption kinetics of rubidium ions onto the FMC was also studied in detail. The experiments were carried out as follows. Specically, in each Erlenmeyer ask with 50 mL of 100 mg L À1 rubidium ion solution, 0.02 g of PTA@FMC materials was added. Aer that, the Erlenmeyer asks were put in a thermostatic shaker at a temperature of 25 C and with the rotating speed of 150 rpm.
The adsorption takes place in this process. Similarly, aer the adsorption, the solution mixture was le undisturbed for several minutes till the clear solution in the upper layer was collected. The concentration of the remaining rubidium ions was tested via atomic adsorption spectroscopy (AAS). 
where C o and C e (mg L À1 ) are the initial and equilibrium concentrations of the metal ion solution, respectively; V (L) is the volume of the solution, and M (g) is the mass of the adsorbent materials used.
Results and conclusion
3.1. Characterization 3.1.1. N 2 adsorption/desorption. Fig. 1 displays the N 2 adsorption/desorption curve. From this gure and Table S .I.1, † we can see that each of the three samples along with the adsorbent carrier FMC has an obvious H 1 -type hysteresis loop, 25, 26 and the adsorption branches are parallel, indicating that the FMC and the PTA@FMC materials are typical mesoporous materials. Meanwhile, the introduction of PTA onto the FMC decreased the specic area of the carrier; as the amount of PTA loading increased, the decrease in the specic area aggravated. can tell that the surface characteristics of the FMC have not been disturbed visibly by the loading of PTA. The characteristic peaks of FMC also appear in the spectrum of PTA@FMC materials, indicating that PTA@FMC has a similar structure as that of FMC materials. In addition, the infrared spectrum of PTA shows the characteristic peaks at 983 cm À1 and 892 cm À1 , which can be attributed to the telescopic vibration of the W]O bond and the telescopic vibration of the W-O-W bond, respectively.
X-ray diffraction (XRD).
Information on the composition of the materials and the structure or morphology of the atoms or molecules in the materials was obtained through XRD characterization. The XRD patterns of FMC and PTA@FMC are presented in Fig. S.I.4 . † From the gure, we can conclude that the FMC has three evident characteristic peaks located at (100), (110), and (200). As the loading amount of PTA increased, the characteristic diffraction intensity of the PTA@FMC samples at (100), (110), and (200) decreased obviously.
Batch adsorption
Adsorption isotherms.
The results of adsorption isotherms are plotted in Fig. 2 , from which we found that, for all the samples, the adsorption amount of rubidium ion increases as the initial concentration of rubidium ion solution increases. Besides, from the gure, it can be obviously found that the FMC has a better adsorption capacity towards rubidium ions aer the loading of PTA, which primarily results from the selective adsorption entailed by the existence of PTA. The adsorption capacity of PTA of the PTA@FMC materials ranks in the following sequence: 75PTA@FMC > 50PTA@FMC > 100PTA@FMC > FMC. The maximum adsorption capacity of 75PTA@FMC for Rb + was 86.50 mg g À1 under our experimental conditions, which is higher than that previously reported for a surface ion-imprinting material and a composite adsorbent ( Fig. 3 . From this gure, we can discover that the adsorption process of rubidium ions onto the FMC proceeds rapidly, and nearly aer 15 minutes the adsorption reaches equilibrium. Comparing the four materials, their rubidium ion adsorption capacity ranks were in the order of 75PTA@FMC > 50PTA@FMC > 100PTA@FMC > FMC with the equilibrium adsorption amount of rubidium ions of 85, 78, 76 and 65 mg g À1 , respectively. Consistently, the results of the adsorption kinetics (Table S. I.5 †) were tted into three typical models (pseudo-rst-order, pseudo-second-order and intradiffusion).
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The tting results are recorded in Table S .I.6, † from which we can conclude that the adsorption kinetics of this process ts well to the pseudo-second-order adsorption kinetics model with a R 2 value larger than 0.9995. Furthermore, based on the tting results of the particle diffusion model of q t versus Fig. 2 Adsorption isotherms of the PTA@FMC materials. 
, which is shown in Fig. 3 , it can be seen that in the whole time period, there are two straight lines in the graph. The rst stage can be attributed to the direct diffusion of rubidium ions into the mesopores of the sorbents, and the second stage of the linear part can be attributed to the diffusion of rubidium ions into the micropores. The results show that the adsorption of Rb + on the FMC and PTA@FMC involves multiple steps, and particle diffusion is not the only rate-limiting step. Such a nding is similar to that made in previous works on adsorption. The experimental results are plotted in Fig. 4 . According to the displayed relationship between the adsorption amount of rubidium ions and the concentration of the added interfering ions (Na + or K + ), we can see that in the presence of an interfering ion, the adsorption amount of rubidium ions onto the PTA@FMC has been negatively affected. The adsorption amount of rubidium ions decreases as the added amount of interfering ions increases, and this tendency appears to be approximately linear, which illustrates that the presence of Na + or K + has a competitive adsorption effect on the adsorption of Rb + . Furthermore, we have calculated the reduction rate of the adsorption amount of Rb + using the following equation:
where X represents the percent of the reduction rate of the adsorption amount of Rb + , q e is the adsorption amount of Rb + without the interference of interfering ions, and q is the adsorption amount of Rb + with the interference of the interfering ions.
The relationship between the reduction rate of the adsorption amount of Rb + onto the adsorbents (FMC and PTA@FMC materials) and the added concentration of the interfering ions (Na + and K + ) is plotted in Fig. 5 . From Fig. 5 decreases from the original 65 mg g À1 to 43 mg g À1 , and the ) as an eluent at 25 C. The effects of the number of times of regeneration are shown in Fig. S .I.7. † In comparison with fresh 75PTA@FMC, the adsorption capacity decreased by less than 3% in the second cycle and then it remained almost at the same level. By the h regeneration, the adsorption capacity decreased by 5%, but still remained at a high value. As a whole, the as-prepared adsorbent, i.e., 75PTA@FMC, can be easily regenerated aer the adsorption process and recycled ve times at least.
Conclusion
In this study, we have eliminated the limitation of the diffusion of microporous materials, using the ordered mesoporous material FMC to prepare a novel heteropoly acid-functionalized sorbent (PTA@FMC). The experimental characterization manifests that this composite material shows no signicant difference in the structural characteristics from those of the FMC, implying that the introduction of PTA does not disturb the structure of FMC. In addition, according to the batch equilibrium experiments of rubidium ion adsorption by the PTA@FMC materials, we demonstrated that these materials have a satisfactory Rb + adsorption capacity, among which 75PTA@FMC is the most distinctive. The inuence of interfering ions on the adsorption of Rb + has also been probed into, and several pieces of worthy information have been obtained. Above all, it has been conrmed that Cs + , K + , and Na + have a competitive adsorption effect on the adsorption of Rb + , and Cs + is the most competitive one. Furthermore, the amount of interfering ions also has a signicant effect on the adsorption of Rb + . We tested the effect on the adsorption of rubidium ion by separately adding one, two, and three types of interfering ions (Na + , K + , Cs + ). The results showed that more the added amount of the different types of interfering ions, the more severe is the degree by which the adsorption of Rb + is weakened. In a word, due to its relatively facile preparation process, low cost and good adsorption capacity, PTA@FMC is a promising adsorption material for Rb + .
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